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INTRODUCTION

Protein synthesizing systems derived from mammals,
protozoans,

plants

and bacteria have been studied and analyzed since

the early 1950's.

As a result,

the basic sequences and many

of the mechanisms in protein synthesis have been elucidated.
Two major stages,
in converting

transcription and translation,

are involved

the genetic code, as specified by the sequence

of bases in deoxyribonucleic acid (DNA),
In the first stage,

transcription,

into proteins (22).

the genetic information

of DNA is copied or transcribed into a ribonucleic acid (RNA)
intermediate as a result of base pairing uuith one of the
strands of DNA (26).
RNA (m R N A ) since

This RNA is referred to as messenger

it carries a copy of the information in DNA

to the site of protein synthesis.
translation,

the genetic

In the second stage,

information in the mRNA is converted-

into protein.
Several

preliminary processes occur prior to translation.

Free amino acids must be converted to more reactive
aminoacyl adenylates,

forms,

suitable for incorporation into protein.

Each type of amino acid is activated by one or more specific
enzymes,

aminoacyl-tRNA

phosphorolytic
as follows

synthetases,

which catalyze a pyro-

reaction with adenosine triphosphate

(ATP)

(36):

Enzyme + Amino Acid + ATP ------------- » AminoacylAMP-Enzyme Complex + PP

1
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Aminoacyl adenylates themselves cannot directly inter
act and align with the nucleotide bases on mRNA.
they are bound to another RNA molecule,

Therefore,

transfer RNA (tRNA),

which carries them to the mRNA and acts as an "adaptor"

(15).

The same enzyme which activated the amino acids catalyzes
this reaction as follows

(36):

Aminoacyl-AMP-Enzyme Complex + tRNA -------- — --->
Aminoacy1-tRNA Complex + AMP + Enzyme
There is at least one tRNA for each of the twenty
amino acids incorporated into protein (22).
specificity
amino acids,

Despite the

displayed by different forms of tRNA for certain
all tRNA species have similarities.

All tRNAs

isolated to date are composed of a chain of seventy-five to
eighty-five nucleotides
figuration (59).

(32) arranged in a clover leaf con

Also, all tRNAs possess the same terminal

nucleotide sequence at the amino acid attachment site.
terminal end consists
by adenosine

This

of two cytidylic acid residues followed

(pCpCpA).

The amino acid is bound to the

3 '-hydroxyl group of the terminal adenosine moiety ( 66 ).
Since each amino acid appears to have the same coupling
site on each specific tRNA,

the activating enzyme specificity

must be directed toward an interior group in the tRNA mole
cule

(67) or in the tertiary structure (14-).
The aminoacyl-tRNA complex pairs with mRNA by hydrogen

bonding of complimentary

nucleotides.

nating sequence of three nucleotides

An amino acid desig
(anticodon)

on one of

the loops of the tRNA forms base pairs with a complimentary
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sequence on the mRNA

(codon).

Each type of aminoacyl-tRNA

complex uiill attach to mRNA only at sites determined by the
nucleotide sequence of the mRNA

(22).

The amino acids bound

to the tRNA molecule are thus brought into the correct
sequence

for incorporation

into protein.

quires guanosine triphosphate

(GTP),

initiation factors designated F^, F

This process r e 

tran sfo rm yla se, and
and F^ (3,

58, 76).

Ribosomes are also important components of translation
since they serve as "frames"

for the overall process.

bind and orient mRNA thereby allowing the enzymes
in polypeptide elongation to act freely
composed of two major subunits,
5DS particles,

(93).

They

involved

Ribosomes are

designated the 30S and the

Each of these consists of approximately

RNA and 40^ protein.

60%

The 30S and 50S subunits come together

during the protein synthesis process to form 70S particles,
and dissociate again immediately after synthesis is completed
(44, 50).

Recent studies indicate that the 30S subunit a t 

taches to the 5' end of the mRNA
initiator tRNA (3,

76,

to the 30S particle

101).

(77).

The SOS subunit then attaches

There are also two hypothetical

binding sites on the ribosomes
site P.

simultaneously with the

for the tRNAs,

site A and

Site A is the aminoacyl-tRNA receptor and site P

is the peptidyl-tRNA

binding site (99).

Formy1-methiony1-tRNA

is presumably the first aminoacyl-

tRNA to bind to the mRNA (57).

In vitro protein synthesis

at low magnesium ion concentration with Escherichia coli
systems has been shown to be dependent upon the addition of
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fo rmy1 -methiony1-tRNA , or its formation from formyltetrahydrofolate and methionyl-tRNA

(l,

17, 61).

Formylation

occurs with the aid of transformylase after methionine is
esterified by tRNA (64).
bound

Formyl-methionyl-tRNA

is supposedly

first to site A on the ribosome (28, 48, 49, 71, 77,

91) and subsequently translocated to site P (47).
Following

translocation,

ceeds with the aid of GTP,
tion

elongation of the protein p ro 

peptidyl transferase,

factors T , T , and G.

The aminoacyl-tRNA specified

by the next codon of the mRNA
the initiator codon)

(adjacent to the 3' side of

attaches to the vacant A site.

requires GTP and elongation

88 ).

and elong a

factors T^ and Tg (21,

This
57, 78,

A peptide bond is then formed between the two aligned

amino acids.
residue

The carboxyl group of the formyl-methionyl

of the formyl-methionyl-tRNA complex

is released

from its bond to tRNA and is linked with the <<-amino group
of the new aminoacyl-tRNA.

The product of this step,

formyl-methionyl-amino acid-tRNA is still located at site A
(19,

20,

31).

50S subunit,

Peptidyl

transferase,

catalyzes this reaction.

apparently part of the
It also requires

magnesium ions and potassium and/or ammonium ions ( 68 ).
After tr ans pep ti d iz at i on , translocation again occurs.

The

discharged tRNA on site P is released from the ribosome,

the

formyl-methionyl-amino acid-tRNA shifts from site A to site P,
and the ribosome moves the length of one codon along the mRNA
in the 5' to 3' direction (104).

This translocation step

is catalyzed by factor G (55).
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Another aminoacyl-tRNA

is free to attach to site A

following t r a n s l o c a t i o n , and thus the cycle
allowing the peptide chain to grow.
and all subsequent ones,
formyl-methionyl-tRNA.
the mRNA also,
however,

forming

is repeated

In the second cycle

peptidyl-tRNAs take the place of
New ribosomes continually attach to

polysomes.

is not an intrinsic

Formation of polysomes,

factor in the process.

It

only serves as a means to produce several copies of protein
simultaneously.

Ribosomes travel along the mRNA more or

less independently

of each other

(15,

55).

The growing polypeptide chain remains linked to tRNA
and bound to the mRNA-ribosome complex during chain elo nga 
tion.

After the polypeptide chain

leased

from both of the bonds.

as termination

(25,

51,

54,

95,

is complete,

This process
113).

it is r e 

is referred to

Completion and

subsequent release

of the chain is triggered by certain

termination codons

on the mRNA.

These codons,

UAA , UAG , and

U G A , are designated nonsense codons since they do not code
for any amino acid

(5, 82,

108,

109).

are also

involved in termination,

specific

for UAA and UAG;

UGA

13, 87).

(10,

After

Two release

R^ and R 2 »

factors

Factor R^ is

while R 2 is specific

for UAA and

release of the p o l y p e pt id yl -t RN A,

the mRNA-ribosome complex apparently dissociates giving
rise to free mRNA and 30S and 50S ribosomal
105).

subunits

(84,

There is some evidence that ribosomes are released

as free 70S particles which

only dissociate upon reacting

with a dissociation factor (94).

Upon release,

the nascent
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peptide chain spontaneously assumes the proper configuration
characteristic

of that specific protein.

The development of in vitro protein synthesizing
as described by Nirenberg

systems,

(75), made possible the elucidation

of many of the above steps in protein synthesis.
systems simplified investigations

Cell-free

by focusing on the events

occurring in the cytoplasm and eliminating the transcriptional
steps.

Further,

investigators

discovered that synthetic

polynucleotides could be substituted

for cellular mRIMA and

that synthetic nucleotides of known sequences stimulated the
incorporation of certain amino acids.

For example,

incuba

tion of polyuridylic acid and phenylalanine in a cell-free
system resulted
peptides

in the

formation of polyphenylalanine poly

(75).Such synthetic

polynucleotides,

magnesium ion concentrations,
initiator codons.
to be essential

under

optimal

required no special chain

Only the following components were shown

for synthesis to occur (55,

54,

75,

107):

1.

ATP, GTP, and an ATP regenerating system

2.

Proper ions - magnesium and potassium and/or ammonium

3.

A sulfhydryl compound

4.

Amino acids

5.

Endogenous or exogenous mRIMA

6.

A soluble fraction (including tRNAs, aminoacyl-tRNA
synthetases, and proteins needed in elongation and
termination)

7.

A particulate fraction (including 70S ribosomes and
initiation proteins)

Several major questions related to in vivo and in vitro

R eproduced w ith perm ission o f the copyright owner. Further reproduction prohibited w itho ut perm ission.
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protein synthesis remain unresolved,
the discrepancy
systems.

nevertheless.

Dne is

in the incorporative ability of various

In vitro systems have generally

been shown to

have only 1 .0/6 of the incorporative ability of intact cells
(98).

However,

some studies claim that up to 15.0/6 of the

rate of intact cells can be achieved (45).
of the reaction,

The time length

the amount of protein synthesized,

and also

the size of the nascent protein differ greatly from one in
vitro system to another.

Peptide chains containing

from

5 - 170 residues have been reported using synthetic m e s se n
gers

(29);

whereas proteins as large as hemoglobin subunits

have been found in systems utilizing a purified cellular
messenger

(18 ) .

Directly related

to incorporative ability is the site

of protein synthesis in the cell,
plasm or on the membrane.

either free in the c y to 

Membranes have been shown to

remarkably stimulate protein synthesis in some studies,
presumably by increasing the rate of synthesis as well as
the size of the protein synthesized.
theory

Although the prevailing

is that synthesis occurs on the membrane or its e x 

tension in the cytoplasm,
attachment,

the mechanisms involved,

such as

are poorly understood.

Early studies indicated a relationship between membranes
and/or

lipids and protein synthesis.

In 1958,

external amino

acids were shown to have a direct access to the sites of
protein synthesis,

bypassing

internal storage pools (34, 36).

The rate of uptake of labelled external amino acids into the
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intracellular amino acid pool proceeded at a slower rate
than the incorporation of label into protein (35, 46).
Amino acid-lipid complexes were discovered by the use of
differentially

labelled materials (37).

This complex

formation was greatly reduced by typical inhibitors of
protein synthesis,

indicating that this binding might be

an intermediate step in protein synthesis (36).
Besides a ready access to amino acids,

protein synthe

sizing sites require a continuous and adequate supply of
energy..

As stated previously,

mation of aminoacyl adenylates,
acids,

ATP is necessary

in the for

the activated form of amino

which allows them to bind to tRNA.

McCorquodale

and Z illig analyzed the ability of different cell fractions
(membranes,

ribosomes,

to catalyze a

32

and the ribosomal free supernatant)

P-pyrophosphate-ATP exchange reaction with

added amino acids.

This was taken as a measure of the

presence of amino acid activating enzymes.

The results

showed that the ribosomal fraction could not catalyze the
reaction,

the supernatant had the ability with only some

amino acids, while the membrane fraction possessed the
ability with all amino acids (65).

These findings were

substantiated in another study which again showed that
the membrane fraction contained amino acid dependent enzymes
capable of catalyzing the exchange of
phate and ATP (40).

32

P between pyrophos

More recently GTP, ATP, and other

polymerization factors have been found to bind to the
membrane (43).
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g
Wore direct support

for the hypothesis of membrane

involvement in protein synthesis was the fact that ribosomes
could be found in association with membranes.

Electron

micrographs of both bacteiial and mammalian cells showed a
definite attachment of the ribosomes to the membrane

( 100 ).

Bound ribosomes were also isolated from various organisms.
Between 25% and 50% of the ribosomes were isolated with the
membrane
(83,

fraction in systems derived from Bacillus megaterium

85).

systems,

Siekevitz and Palade discovered,

using mammalian

that ribosomes containing nascent protein were the

most firmly bound to the membranes;

while ribosomes devoid

of protein were usually found in the cytoplasm (89).
Increased protein synthetic ability was shown in many
studies with membrane-bound ribosomes.

Such ribosomes

frequently were found to incorporate radioactive amino acids
into protein three to five times more efficiently than did
free ribosomes.
(41,

59,

Evidence of this was found in both bacterial

83, 102) and mammalian systems

(38, 89).

Moore

and Umbriet compared the phospholipid content of various
cell fractions and related this to the protein synthetic
ability

of the fractions.

From this,

they determined that

incorporative ability was not only directly related to the
concentration of ribosomes,
content.

Membrane constituents were,

factors in protein synthesis
led

but also to the phospholipid

(69).

therefore,

limiting

All of the above evidence

Hendler to formulate a schematic

for protein synthesis

shown in Figure 1 (36).
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10

New
Protein

RNP
RNP

tRNA

External
Amino
Acids

/Amino
^ / Acid/ Lipid

+

Internal
Exchangeable
Amino Acid Pool

Figure 1.
Postulated theory of membrane protein s y n 
thesis by Richard Hendler (36).
1.
Protein is synthesized
at an interface between a lipoprotein membrane and a ribonucleoprotein (RNP), or ribosome, to which a mRNA is attached.
2.
An amino acid from the interior pool approaches from the
RNA side via tRNA reactions.
3.
An amino acid, either from
outside or inside the cell, could also approach the i nt er 
face from the lipoprotein side utilizing a lipid carrier.
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The occurrence of protein synthesis on the membrane
could have several advantages.

In secretory cells of

mammals or other multicellular organisms,

membranes could

provide a directing semipermeable barrier across uuhich
secretory proteins are transferred (38,

83, 89).

secretary cells or in bacterial systems,
have a role in stabilizing
For example,

In non-

membranes could

the mRNA-ribosome complex.

the membrane might protect the polysome

from

nuclease attack and the nascent protein from attack by
proteases such as trypsin or chymotrypsin

(38,

83,

89).

Proteins synthesized by bound ribosomes have indeed been
shown to be more resistant to these agents than those
produced by free ribosomes

(35,

42).

The phospholipids

in

membranes might play a role in protein synthesis by acting
as amino acid carriers

(83).

Although considerable evidence points to membrane
involvement in protein synthesis,

some doubt still remains.

While some studies with IB. meqaterium showed 25 - 60% of
the ribosomes remained attached to the membrane

following

lysis,

other studies reported only 1 - 12/S bound ( 102,

107).

Similarly,

in membrane

only a trace of nucleic acids was

in the membrane fraction,

reaction

although this fraction was very

in amino acid incorporation (102 ),

In terms of activity,

(30).

no evidence could be found for

an amino acid catalyzed ATP-pyrophosphate exchange

active

found

fractions from IVIicrococcus lysodeikticus

In other bacterial systems,

105,

membrane-bound ribosomes
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usually synthesized protein at a higher rate than free
ribosomes.

However,

free ribosomes.
of rats and mice,

some activity was always found with

In systems derived from secretory cells
the membrane-associated ribosomes

synthe

sized protein more actively than did free ribosomes with
endogenous mRNA.
acid,

When a synthetic mRNA,

was added to the system,

both

such as polyuridylic

fractions were raised

to the same level of incorporative ability (38,
fact,

free ribosomes were often more active

In studies with liver homogenates,
bound ribosomes were
corporation.
systems.

83).

(9, 38,

50).

both free and membrane-

found to produce the same level of i n

This was true of both in vivo and in vitro

The investigators concluded that more synthesis

took place

in the membrane

fraction only because more

ribosomes were located in this fraction (39,
comparing

81).

Andrews,

free and membrane-bound ribosomes of secretory and

nonsecretory tissue,

also showed that all ribosomes

systems were capable of the same rate of synthesis
and in vitro (4).
mecium,

In

both

Likewise,

in both
in vivo

in a system derived from para-

free and membrane-bound ribosomes were shown

to synthesize protein at relatively the same rate (90).
Takgi et al.

found that there were only functional differences

in protein synthesis by free and bound rat liver polyribosomes
in vitro.

Bound ribosomes synthesized all of the serum a l 

bumin; while free ribosomes synthesized most of the catalase
As can be seen,

the efficiency obtained with in vitro

systems has varied greatly from study to study,

depending on
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(96).

the conditions present.

Differences in the type and

activity of the ribosomes contributed significantly to
the variation.

Free ribosomes and membrane-bound ribosomes,

while having identical requirements for protein synthesis
and producing the same end products (69),
their

incorporative ability.

varied greatly in

Ribosomes associated with

membranes usually have proven to be the most active.
again,

because of variation in experimental

But

procedures,

this theory has not always held true.
The present study describes the further characteriza
tion of an in vitro protein synthesizing system derived from
Acetobacter aceti var. 1 iquefaci ens .

Both the efficiency

and the stability of the system are examined.

Also included

in the study is a comparison of synthetic activity between
free and membrane-bound ribosomes from this organism.
A_. a c e ti was chosen for these studies for two reasons.
First,
Second,

this organism is rich in membrane-associated enzymes.
a large number of mutations,

affecting these en 

zymes and presumably also the membranes, have been
(Friedman,

unpublished data).

isolated

After the development of an

efficient protein synthesizing system,

subsequent studies

could be made utilizing membranes from the mutant cells.
These studies might clarify the relationship of membrane
structure to enzyme

function and protein synthesis.
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MATER I A L S

AND

METHODS

Chemicals

Adenosine triphosphate
(GTP) , phosphoenol

(ATP),

pyruvate (PEP),

guanosine triphosphate
and ribonucleic acid (RNA)

were purchased as sodium salts from Sigma Chemical Company.
Spermidine was obtained from Calbiochem.
(poly-U)

Polyuridylic acid

was purchased from P-L Biochemicals,

kinase (crystalline,

suspended in ( N H ^ ^ S O ^ )

from Boehringer Mannheim.

Uniformly labelled

alanine was purchased from Schwartz Mann.
ribonuclease

Inc.

Pyruvate

was obtained
14

C-phenyl-

Deoxyribonuclease,

free, was obtained from Worthington Biochemical

Corporation or was purified from twice crystallized W o r t h i n g 
ton deoxyribonuclease by the method of Zimmerman

(112).

All other materials were of reagent grade and were obtained
from regular commercial sources.

Organism and Growth Conditions

Acetobacter aceti var.
experiments.

liquefaciens was used in all

The bacteria were grown on a basal medium

containing 0.545% KH 2PO 4 , 0.38^ N a 2HP 0^, 0.025^ MgSO^,
and 1.0% yeast extract.
Glucose,

(All percentages are weight/volume).

sterilized separately,

tration of 1.0%.

was added to a final conc en 

The bacteria were grown in two-liter flasks

containing 700 ml of media.

Cultures were incubated at

30 C in a New Brunswick gyratory

incubator shaker.

14
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Growth

15

was measured turbidimetrically

using a Klett-Sumerson P h o t o 

electric Colorimeter equipped uuith a number 66 filter and
blanked with water.

Preparation of Enzyme and Ribosome Fractions

Six flasks of the bacteria,

grown to a Klett reading of

200 , were harvested by centrifugation at 10,000 x g and
washed twice in 0,01 M tris(hydroxymethy1)aminomethane (Tris)acetate buffer,

pH 7,45, containing 0.014 01 OlgSO^ and 0.06 01

KC1 (TK01 buffer).

In subsequent steps the buffer also c o n 

tained 5 mOI 2-mercaptoethanol

(TK01IY1 buffer).

steps were carried out at 0 - 4 C.

All

further

The cells were resus

pended in TK0101 buffer (5.0 g wet weight of cells per 10 ml
of buffer)

and broken in a French Pressure Cell at 9,000 -

12,000 psi.
of RNAase

To prevent endogenous mRNA synthesis,

free DNAase was added.

2.0 jug/ml

The extract was then

centrifuged for thirty minutes at 30,000 x g to remove m e m 
branous material,

whole cells,

and cell fragments (64, 102).

The supernatant was removed to within one centimeter of the
pellet and recentrifuged at the same force.

The upper four-

fifths of this supernatant was removed and put through a
Sephadex G-25 column,

equilibrated with TKMM buffer, to

remove small molecules such as ATP.
The eluate was centrifuged at 200,000 x g for two hours
in the 5W 501 rotor of the Beckman Model L2 Ultracentrifuge.
The upper four-fifths of the supernatant,

designated S-100,

was removed and frozen in 0.6 ml aliquots at -60 C. This
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supernatant

fraction contained enzymes and other soluble

factors necessary
pellet,

for protein synthesis

(64,

69, 102).

The

designated P-100, mas uuashed tuuice by gentle homog eni za 

tion in TKMffl buffer and then recentrifuged at 200,000 x g
for two hours.

The final pellet was resuspended in a volume

equal to one-fifth the column eluate volume and frozen in
0.3 ml aliquots at -60 C.
mainly 70S ribosomes (64,
of 10 - 12 g of cells,

This P-100 fraction contained
102).

From an initial wet weight

approximately

12 ml of S-100 and 3 ml

of P-100 were obtained with average protein concentrations
of 20 mg/ml and 10 mg/ml respectively.
retained over 00% of their activity

The frozen fractions

for three months or more.

Each aliquot of S-100 and P-100 was thawed only once.
A highly purified ribosomal
from membranous material,

fraction,

relatively free

was obtained by centrifuging the

unwashed P-100 fraction through a 5 - 30% sucrose gradient
for one hour at 130,000 x g in a SU) 25.2 rotor.
were shown to move

rapidly

Membranes

through this gradient and pellet;

whereas ribosomes banded between 5 and 20% sucrose
38).

(29, 33,

The bottom of the tube was punctured with a needle and

3 ml fractions were collected dropwise.
260 nm was determined for each fraction.

The absorbancy at
The five tubes with

the highest absorbancies were pooled and the resulting solu
tion was centrifuged at 2D0,000 x g for two hours in the
SW 50L rotor.

The pellet was washed twice in TKMM buffer

and then resuspended in 2 - 3 ml of T K M M buffer and frozen
in 0.3 ml fractions at -60 C,
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Membrane Preparation

Membrane fractions mere
plasts.

prepared from lysed sphero

The bacteria mere grown as previously described,

but were harvested at a Klett reading of 150 - 160 since
this density yielded the best spheroplast formation.

The

cells were washed twice by centrifugation at 12,000 x g in
0.01 M Tris-acetate buffer,

pH 7.2, containing 20% sucrose.

The washed cells were resuspended in 0.3 M Tris-acetate b u f 
fer,

pH 8.3,

cells/ml

containing

20$ sucrose (50 mg wet weight of

of buffer).

This suspension was placed in 250 ml flasks in 60 ml
aliquots and preincubated for thirty minutes at 30 C in a
rotary water bath shaker.

At this time,

the cell suspension

was treated with 1 ,000 jug/ml of lysozyme and incubated again
until maximum spheroplast

formation had occurred as

by phase contrast microscopy.

Generally,

followed

thirty to sixty

minutes were required for such formation.

The spheroplasts

were then centrifuged at 12,000 x g for ten minutes and the
supernatant discarded.
tube,

The resulting pellet, as well as the

was carefully rinsed with 0.01 M Tris-acetate buffer,

pH 7.45,

to remove as much sucrose as possible.

of RNAase free DNAase,

Two drops

1,000 jjg/ml, were placed on the

pellet,

which was resuspended gently in 0.01 M Tris-acetate

buffer,

pH 7.45.

temperature

The solution was allowed to sit at room

for fifteen minutes with occasional swirling,

during which time lysis of the spheroplasts

occurred.
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Following lysis,

MgSO^,

KC1, and 2-mercaptoethanol were

added to final concentrations of 0.014 IY1, 0.06 M , and 5 mM
respectively.

Addition of as little as 0.0001 ffl |Y|gS0^

before lysis completely inhibited such breakage (Friedman,
unpublished data).

The resulting suspension was centrifuged

at 1,000 x g for five minutes.

The upper four-fifths of the

supernatant was removed and recentrifuged at 2,000 x g for
ten minutes.

The upper four-fifths of the supernatant was

again removed and centrifuged at 30,000 x g for thirty minutes.
The pellet obtained was washed twice,

resuspended in one-third

the lysate volume, and frozen in 0.5 ml aliquots at -60 C.

Analysis of Samples

Protein in each of the samples was determined by the
method of Lowry et al.
a standard.

(56), using bovine serum albumin as

The amount of ribose in the membrane and P-100

fractions was determined by the Orcinol procedure ( 86 ).

An

RNA standard was prepared by heating RNA for thirty minutes
at 95 C.

Nucleic acid content was also estimated spectro-

photometrically by the method of Warburg and Christian (103).

In Vitro Protein Synthesis Assay

A modification of the Nirenberg procedure was utilized
(75).

The incorporation mixture contained per milliliter:

5 jumoles of MgSO^,

5 jumoles of spermidine,

104 jumoles of m o n o 

valent cations (including 91 jumoles of potassium,

4 jumoles of

ammonium, and 9 jumoles of sodium) , 1 jumole of A T P , 0.03 jumoles
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of GTP,

7.9 jjmoles of PEP,

-phenylalanine
pyruvate kinase,
fractions

0.25 jumoles of uniformly labelled

(specific activity 4 juc/jumole), 20 jug of
150 jug of poly-U,

and enzyme and ribosome

(variable concentrations).

These concentrations

were found to yield the maximum amount of incorporation of
phenylalanine

(Friedman,

unpublished data).

The reaction mixtures were constituted from several
"mixes"

in a specific

sequence.

An initial mixture, Mix I,

uuas constituted ahead of time and frozen in 0.25 ml aliquots
at -20 C,

It consisted of the following:

Tris-acetate

1.0

ml

ATP ( 6.66 x 10 "2|Y1)

0.3

ml

1 0 ‘3!Y1)

0.3

ml

H 20

0.4

ml

Total

2.0ml

GTP (2.00 x

A second mixture,
periment,
Mix

(2.00 M, pH 7.45)

Mix II, prepared at the time of the ex 

contained:
0.250 ml

I

S C H 2C H 20H (1.4 x 10 "3 M)

0.010 ml

Spermidine

0.125 ml

(0.1 M)

KOI

(3.3 M)

0.055 ml

PEP

(7.5 x 10 ~2 M)

0.250 ml

Pyruvate kinase

(10 mg/ml in 2.1 M
(nh 4 )2so4 )

-phenylalanine

(specific a c ti v 
ity 4 jjc/jumole,
50 qc/ml )

0.005 ml

0.050 ml

0.055 ml
Total

0.800 ml
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The final reaction mixture generally contained:
N g S 04 (0.014 m )

0.025 ml

mix ii

0.080 ml

P-100 (in buffer with o.oi4 m
MgSO^ and 0.06 m kci)

0.025 ml

S-100 (in buffer with o.oi4 m
MgSO^ and 0.06 M KCI)

0.050 ml

Poly-U

(1,000 >ug/ml)

0.040 ml
H 20 to

Total

0.250 ml

l/ariations in the basic reaction mixture are described in
the results.

Poly-LI mas added last to start the reaction

which was

incubated at 30 C for ten minutes with occasional

shaking.

All additions prior to poly-l) were carried out at

0 - 4 C.
The reaction was terminated with 1.0 ml of 10% t r i 
chloroacetic acid (TCA).

The precipitate which

formed was

allowed to stand for thirty minutes at 0 - 4 C to insure
complete precipitation.

The solution was then centrifuged

at 12,000 x g for five minutes.
free

The supernatant, containing

-p he n y l a l a n i n e , was discarded and the pellet r e su s 

pended in 1.0 ml of cold 10% TCA.

The suspension was heated

for thirty minutes at 95 C in a water bath.

After cooling,

the solution was made alkaline to litmus using 1.0 N NaOH.
This was done to insure complete hydrolysis of all aminoacyltR!\)A.

The protein,

which was also soluble

was reprecipitated with 0.5 ml of 30% TCA.

in this solution,
The sample was

allowed to stand at least three hours at 4 C before being
diluted with 10% cold TCA and filtered through a 0.45 micron
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millipore

filter.

The filter was washed with two 10 ml

aliquots of cold 10^ TCA, dried,

and counted in a Packard

Tricarb Liquid Scintillation Spectrometer.

The scintillation

medium consisted of 5.0 g of 2,5-diphenyloxazole
liter of toluene.

A

(PPO)

per

-phenylalanine standard was run with

each set of samples to correct for the efficiency of the machine.
When analysis of the reaction mixture was to be made,
100 ug/ml

of RNAase was added in place of the TCA.

This left

the necessary

components of the system intact and soluble,

but prevented

further synthesis.

After analyzing the sample

by sucrose gradient techniques or column chromatography,
fractions containing

the

the incorporated ^ C - p h e n y l a l a n i n e were

then treated with TCA as usual.

Determination of Nascent Protein Molecular Weight

The molecular weight of the in vitro synthesized pol y
phenylalanine was determined by column chromatography with
Sephadex G-25, G-50,

G-75, and G-100.

All columns were 75 x

1.1 cm and were equilibrated with 0.01 M Tris-acetate buffer,
pH 7,45.

The

Sephadex was swollen in this buffer for the

recommended period of time (16).

The column was then poured

and washed with a liter of buffer to insure sufficient
packing and equilibration.
per hour.

Normally,

The

flow rate was set at 15 ml

0.5 - 1.0 ml samples of the incubated

reaction mixture were applied to the column and 3.0 ml
fractions collected.

Both total and hot acid precipitable

counts in each fraction as well as the absorbancy at 260 nm
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were determined.

Total counts per minute were found by

taking a small aliquot of each fraction,

drying,

and count

ing as described previously.
Blue dextran and protein standards were used in deter
mining the molecular weight elution characteristics
Sephadex columns.

of the

Blue dextran (molecular weight of 2 x 10^)

was used to find the void volumes of the columns since it is
excluded by all Sephadex G-types.
solution was applied.

One milliliter of a 0.2^

The volume eluted before the appearance

of the dye was considered to be the void volume.

The elution

characteristics of proteins with molecular weights within
the retention

range of the Sephadex size being utilized

were then determined.

A 1.0 ml solution containing 3.0 mg/ml

of each of the standards was applied to the column and eluted
with Tris-acetate buffer,

pH 7.45.

The absorbancy at 250 nm

of the fractions collected was determined.

The volume cor

responding to the fraction having the peak absorbancy

was

considered to be the elution volume

standard

of the particular

being analyzed.
A calibration curve

for each column was made by plotting

the molecular weight of the standards versus the ratio of
their elution volumes to the void volume of the column.
After the elution volume of the poly phenylalanine was found
(hot acid precipitable counts),
then be estimated

its molecular weight could

from the calibration curve by interpolation.
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RESULTS

Subcellular Requirements for Incorporation

The optimum concentration of all reactants in the
incorporation mixture had previously been determined using
a crude extract (Friedman,

unpublished data).

Therefore,

the need for both the S-100 and the P-1D0 subcellular
fractions in this incorporation assay
established,

first had to be

As can be seen in Table 1, substantial in cor

poration occurred only in a reaction mixture containing
both fractions,

The normal range of phenylalanine incor

poration was 200 - 300 pmoles

per ten minutes,

although the

amount varied from preparation to preparation of S-100 and
P-100,

Incorporation as high as 600 pmoles was obtained with

some preparations.
incorporation,

Tubes without poly-U showed negligible

the normal being from 15 - 25 pmoles.

Effects of Antibiotics on Polyphenylalanine Synthesis

The effects on the incorporating system of antibiotics
known to inhibit the translation of mRNA into proteins was
studied next.

The drugs tested included chloramphenicol,

polymyxin B, streptomycin, and puromycin.
chloramphenicol,

which inhibits

As shown in Table 2

the transfer of amino acids

from aminoacy1-tRNA to the growing peptide chain (lid),
reduced incorporation by nearly 70%;

while streptomycin

completely inhibited all synthesis.
23

Streptomycin has been

R eproduced w ith perm ission o f the copyright owner. F urth er reproduction prohibited w itho ut perm ission.

Table 1.
Subcellular requirements for in
vitro phenylalanine incorporation

Reaction mixture

C omplete
- Poly-U
- P-100
- S-100

pmoles
phenylalanine
incorporated

345
19

20
25

g

The assay was carried out as described in
Materials and Methods.
The concentrations of P-100
and S-100 used in the reaction mixture were 0.8 mg/ml
and 4.2 mg/ml protein respectively.
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Table 2.
Effects of antibiotics on
in vitro phenylalanine incorporation

Reaction
mixture

Antibiotics
added

C oncentration
of antibiotic
ug/ml

C omplete
- Poly-U
C omple te
Complete
Complete
C omple te
Complete
C omplete
C omple te

_

_

-

-

Chloramphenicol
Chloramphenicol
Streptomycin
Puromycin
Puromycin
Polymyxin B
Polymyxin B

pmoles
phenylalanine
inc orporated

100

318
14
155

300

102

200
100

15
286
19
296
238

300

200
400

Percent
inhibition

9 6%
61%
66%
96%
10%
96%
6%
26%

aThe assay was carried out as described in Materials and Methods.
Antibiotics
were added to the incorporation mixture at the indicated concentrations.
The
concentrations of P-100 and 5-100 used in the reaction mixture were 0.8 mg/ml and
4.2 mg/ml protein respectively.

cn
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theorized to cause misreading and possible distortion of the
template

(23,

92) „

Puromycin,

while having a slight effect

at 100 jug/ml, completely stopped incorporation at 300 jug/ml.
Puromycin reversibly
analog

blocks protein synthesis.

of the terminal group of tRNA,

substitute

for charged tRNA.

and therefore,

can

Although puromycin can thus

connect with the growing peptide chain,
affinity

It is an

it lacks sufficient

to remain attached to the ribosome and so short p e p 

tide chains are released (72,

73,

111).

Polymyxin B, which

is known to cause damage to bacterial membranes (74),
produce some inhibition.
from the action

This inhibition might have resulted

of the antibiotic

on membrane-bound ribosomes

which are found in the P-100 fraction.
denature

proteins essential

bacteria

(74).

Thus,

did

Polymyxins also

to growth in gram negative

some of the protein factors in the

system might have been affected.
The concentrations of antibiotics

needed to produce

inhibition in this system were comparable to and often below
the concentrations required in other in vitro systems (23,
64,

72,

73),

taking into account differences

of protein and RNA utilized.
were also comparable
72,

74).

to many

The susceptibility

The antibiotic

in the amount
concentrations

in vivo bacterial systems

(24,

of amino acid incorporation to

these antibiotics reinforces the observation that synthesis
is actually occurring.
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Molecular Weight Determination

The molecular weight of the polyphenylalanine synthesized
was determined by gel
alanine

filtration.

The size of the po lyphenyl

produced in relation to the size theoretically pos

sible with the poly-U utilized might give an indication of
the stability and the efficiency of the in vitro synthesizing
process .
On the basis of molecular weights reported by others
(8 , 27,
range

29), Sephadex G-50,

which retains molecules

in the

of 1,500 - 30,000 molecular weight, was utilized.

In

corporation mixtures were incubated for ten minutes, either
with or without
nascent
Methods.

poly-U, and the molecular weight of the

protein determined as described in Materials and
Analysis of the total counts in the fractions

collected from the column was
are shown in Figure 2.
yielded a major,
peak upon elution

first made.

The profiles

The complete reaction mixture

slow moving

peak and a minor,

from the Sephadex column;

fast moving

while the

mixture without poly-U yielded only the slow moving

peak.

Both slow moving peaks were recovered in the same elution
volume.

The minor peak was eluted in the void volume.

To determine whether the large radioactive peaks were
free

-p he nyl ala ni ne, non-radioactive phenylalanine was

applied to and eluted from the same column.

The peak of

absorbancy corresponded exactly to that of the large radio
active peaks

(Figure 2).

Only 50^ of the total radioactivity
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Figure 2.

Elution profiles of phenylalanine

poration mixtures from a Sephadex G-50 column.

incor

Reaction

mixtures of 1.0 ml, incubated either with or without poly-U,
were applied separately to the column a n d. 3.0 ml fractions
were collected and analyzed
in Materials and Methods.

for total counts as described
The mixtures contained 0.9 mg/ml

and 4.0 mg/ml protein from the P-100 and the S-100 fractions
respectively.

A 1.0 ml phenylalanine sample (3.0 mg/ml)

was also passed through the column to identify the location
of free ^ C - p h e n y l a l a n i n e
counts per minute

in the profile.

from complete

Symbols:--- •---- ,

incorporation mixture;

— x — — x — — , counts per minute from reaction mixture minus
poly-U;

o

, absorbancy at 280 nm of phenylalanine.
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applied to the column mas recovered.

The loss was attributed

to binding of the free amino acid to the column
to experimental error.

( 1 1 , 12 ) and

Elution with buffers of a higher

ionic strength or acidity did not increase the percentage of
recovery.
The fractions were then subjected to TCA precipitation.
As seen in Figure 3, hot acid precipitable counts were

found

only in the fractions corresponding to the fast moving

(void

volume)

peak in the complete incorporation mixture.

the hot acid precipitable counts,
synthesized nascent protein,

presumably

Since

the in vitro

were eluted in the void volume,

another column was prepared having the same dimensions as
described previously,

but containing Sephadex G-100 which

has a much larger retention range

(4,000 - 150,000).

Incorporation mixtures analyzed by Sephadex G-100 gel
filtration produced the same profiles as Sephadex G-50.
Apparently,

the polyphenylalanine

remained attached to

certain components of the incorporating system,
ribosomes,
gel.

such as the

which were not within the inclusion limit of the

This problem has been reported by others in poly-U

directed polyphenylalanine synthesis
Several

(2, 7, 29).

procedures were tried in an attempt to release

the nascent protein from the ribosomes.

Treatment of the

reaction mixture with 0.5% of a neutral detergent,
after

incubation proved unsuccessful.

Triton X-100,

The elution profile

following this treatment remained identical to the profile
obtained with the untreated sample

(Figure 2).

Treatment
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Figure 3.

Comparative profile of total and hot acid

precipitable counts in fractions

of a poly-U directed

phenylalanine

incorporation mixture eluted from a Sephadex

G-50 column.

Conditions were as described in Figure 2.

Symbols:-- «---- , total counts per minute;
acid precipitable counts

--x--x--,

per minute.
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with hydroxylamine was also tried.
minute incubation,

After the normal ten

hydroxylamine was added to the reaction

to a final concentration

of 0.5 mmoles/ml.

The mixture was

incubated for an additional hour and then applied to the
column.

Again,

no change was observed in the location of

hot acid precipitable counts.

Hydroxylamine acts analogously

to puromycin and consequently should have released the peptide
chains from the ribosomes (2).

Other investigators have re

ported 20 - 40% removal of the nascent protein using this
particular method, although they were primarily concerned
with mammalian systems
The third method,
successful.

(2, 29).
reported by Zipser

This procedure involved the use of detergent in

combination with spermine.
tion period,

(114), did prove

Following a ten minute

incorpora

the reaction mixture was made 0.25% in sodium

lauryl sulfate,

dissociating the RNA from the RNA protein (52).

Spermine was immediately added to a final concentration of
3 x 10

[Y].

This precipitated the detergent,

the RNA protein (114).

the RNA, and

The sample was then centrifuged at

4,000 x g for forty-five minutes and the resulting supernatant
passed through a Sephadex G-25 column.

The dimensions and

flow rate remained the same as for the other columns.

Figure 4

shows the elution profile expressed as total and hot acid
precipitable counts.

The radiospecific activity (pmoles

of phenylalanine incorporated /10 minutes/jjg of ribose)

of

the incorporation mixture utilized in this experiment was

1 .0 .
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Figure 4.
alanine

Elution profile of a poly-U directed phenyl

incorporation mixture

from a Sephadex G-25 column

fallowing spermine-detergent treatment.
activity of the preparation mas 1.0.
mixture,

The radiospecific

A 2.0 ml reaction

containing 1.1 mg/ml and 4,2 mg/ml

protein from

the P-100 and the S-100 fractions respectively,
After incubation,

was prepared.

the mixture was treated with spermine and

detergent and applied to the column.

Fractions of 3.0 ml

were collected and analyzed for total and hot acid precipi
table counts,
S y m bo ls : ----

See Materials and Methods for details.
, total counts per minute;

--x--x--,

acid precipitable counts per minute.
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Tuio peaks again appeared in the total counts.

Both,

howev/er, were within the inclusion limit of the gel,
cating both had molecular weights less than 5,000,
for G-25.
alanine.

The large peak was again shown
Only the small,

hot acid precipitation,

in di

the limit

to be free ^ C - p h e n y l -

fast eluting peak remained following

although

reduced by approximately 30%.

This peak was assumed to be the newly synthesized protein.
A comparison of hot acid precipitable counts present before
spermine-detergent treatment with those present in the super
natant following such treatment

indicated 88^ of the nascent

protein had been released.
A calibration curve

for the Sephadex G-25 column was made

by passing proteins of known molecular weight,
tention range of G-25,

through the column and determining

their elution volumes^
standards

(Figure 5),

within the re

By extrapolating the plot of these
the molecular weight of the polyphenyl

alanine was determined to be 2,600.
S ince the previous

P-100 and S-100 preparations had been

stored for several months,
second molecular weight

new samples were prepared and a

determination made,

This new prepara

tion had a 10% higher radiospecific activity than the previous
preparation and the hot acid precipitable counts were eluted
earlier at 36 ml, as seen in Figure 6 .

This corresponded to

a molecular weight of 4,700 (Figure 5).
A third molecular weight determination was made on
nascent polyphenylalanine from an enzyme-ribosome preparation
having nearly three and one-half times the radiospecific
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Figure 5.

Molecular weight determinations of nascent

polyphenylalanine utilizing a Sephadex G-25 column.

The

column was calibrated with known molecular weight proteins
within the retention range of the gel.

A 1.0 ml solution

containing 3.0 mg/ml of each of the proteins was applied
to the column and the elution volumes of each determined.
The void volume was found by passing 1.0 ml of a 0„2% solu
tion

of blue dextran through the column.

The calibration

curve was made by plotting the molecular weight of each
protein versus the ratio of its elution volume (V0 ) to the
void volume (V ) of the column.
nascent

The molecular weight of the

polyphenylalanine was determined by interpolation.

See Materials and Methods

for other details.
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Figure 6 .

Elution profile of a poly-U directed phenyl

alanine incorporation mixture

from a Sephadex G-25 column

following spermine-detergent treatment.

The radiospecific

activity

of the preparation was 1,1.

A 2.0 ml reaction

mixture,

containing 0.9 mg/ml and 3.8 mg/ml protein

the P-100 and the S-100 fractions respectively,
Other conditions were as described in Figure 4.
•----, total counts per minute;

--x--x--,

from

was utilized,,
Symbols:

hot acid pre cip i

table counts per minute.
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activity

of the previous two preparations.

to determine

if the higher activity was due to an increased

number of active
the existing

ribosomes or to an increased activity

functional ribosomes,

lar weight proteins.
weights

The purpose was

over 70,000,

resulting in higher mo le cu 

Sephadex G-75,
was utilized.

which

excludes molecular

As seen in Figure 7, the

hot acid precipitable peak was eluted very early,
within the inclusion limit of the column,
a calibration curve

of

but still

By extrapolating

for the Sephadex G-75 column,

the mole cu

lar weight of the polyphenylalanine was determined to be
52,000 (Figure 8 ).

Thus,

the more active enzyme-ribosome

preparation synthesized nascent proteins ten times larger
than the protein synthesized by the less active preparations.
By comparing

the three molecular weight determinations,

a correlation can be drawn between the size of the protein
incorporated and the radiospecific
ribosome

preparations,

activity

as shown in Figure 9.

in the size

of the nascent

an increase

in the radiospecific activity

system.

of the enzymeAn increase

protein was directly related to
of the incorporating

Since only three points were utilized,

there is

considerable room for error.
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Figure 7.

Elution profile of a poly-U directed phenyl

alanine incorporation mixture

from a Sephadex G-75 column

fallowing spermine-detergent treatment.

The radiospecific

activity

of the preparation was 3.5.

A 0.5 ml reaction

mixture,

containing 1.2 mg/ml and 4.4 mg/ml protein from the

P-100 and the S-100 fractions respectively,

was utilized.

Other conditions were as described in Figure 4.
.--- , total counts per minute;

--x--x--,

Symbols:

hot acid precipi

table counts per minute.
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Figure 8 .

Molecular weight determination of nascent

poly phenylalanine synthesized by a highly active enzymeribosome

preparation.

A Sephadex G-75 column was utilized.

Conditions were as described in Figure 5.
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Figure 9.

Plot of the molecular weight of the p ol y 

phenylalanine synthesized versus the radiospecific activity
of the incorporating system
porated/10 minutes/jjg ribose

(pmoles of phenylalanine

incor-

from the P-100 fraction).
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Studies with Membranes

The preceding studies utilized the P-100 fraction
which contained primarily free ribosomes.

Since recent

investigations have shown that protein synthesis can occur
on membrane-associated ribosomes

(38, 41, 71, 83, 89, 102),

an attempt was made to isolate such ribosomes and to compare
their protein synthesizing activity and characteristics with
those of the free ribosomes.
Table 3 shows the incorporative activity of membrane
fractions prepared by room temperature spheroplast lysis in
the absence of MgSO^,

KC1, and 2-mercaptoethanol as described

in Materials and Methods.
the membrane

No net synthesis was observed when

fraction was substituted for the P-100 fraction^

The membranes isolated by this procedure,

however,

had a much

lower ribose content than the P-100 fraction (0.43 mg/ml
compared to 5.7 mg/ml).

Since the concentration of ribosomes

could be a limiting factor,
approximately
equal

the membranes were concentrated

ten-fold to give a ribose concentration nearly

to the P-100 fraction.

Nevertheless,

no change in the activity occurred.

as seen in Table 3,

Membranes were also c o m 

bined with the P-100 fraction in the incorporation mixture to
determine

if the free ribosomes might bind to the membranes

and thereby gain increased stability and activity.

No such

stimulation of incorporation was observed utilizing the
normal or the concentrated membrane
iment was repeated with a membrane

fraction.

The entire exper

fraction obtained by lysing
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Table 3„
A comparison of the ability of the P-100 and the membrane
fractions, prepared by lysing |^heroplasts at room temperature,
to incorporate
C-phenylalanine

Reaction
mixture

Type of
particulate
utilized

Total
ribose
concentration
jug/ml

- Poly-U

P-100

570

20

-

-

23

P -100

570

171

Particulate
C omplete

pmoles
phenylalanine
incorporated

C omplete

Membrane

43

21

C omplete

P-100 +
Membrane

613

160

Complete

10X Membrane

380

23

Complete

P-100 +
10X Membrane

950

190

aMembranes were isolated as described in Materials and Methods.
The
normal incorporation assay uuas carried out, except membranes were s u b
stituted for or added to the P-100 fraction as indicated.
The conce ntr a
tions of the P-100, the S-100, and the membrane fractions in the reaction
mixture were 0.8 mg/ml, 4„2 mg/ml, and 0,28 mg/ml protein respectively.

-n-
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spheroplasts at 4 C, but again,

no phenylalanine incorpora

tion was observed with this fraction.
A third attempt to isolate active membrane-bound ribosomes
proved to be slightly more effective.

In this procedure,

the

spheroplasts were lysed in the presence of 0.014 [VI lYlgSO^,
0,06 m KC1, and 5 mIYl 2-mercaptoethanol by passing the suspen
sion of spheroplasts through a French Pressure Cell at low
pressure (2,000 - 5,000 psi).

The absence of MgSO^,

KC1, and

the sulfhydryl compound during lysis in the two previous
preparations rnay have caused the inactivation and/or release
of the ribosomes

from the membrane.

The membranes isolated by this procedure had a slightly
higher ribose concentration than the previous two preparations
(1.7 mg/ml compared to 0.43 mg/ml and 0.30 mg/ml)

and some

protein synthesizing activity as seen in Table 4.
of incorporation obtained with the membrane
but repeatable.

As with the P-100 fraction,

The amount

fraction was low,
the amount of

incorporation increased with increasing concentrations
membrane,

although the specific activity decreased.

of

When

incorporation mixtures of similar protein concentrations were
compared,

those mixtures

utilizing the P-100 as the pa rticu

late fraction were found to have radiospecific activities
four to five times higher than mixtures utilizing the membrane
fraction.

This was the maximum amount of incorporation a t 

tained in any experiment utilizing membrane-bound ribosomes.
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Table 4.

A comparison of the ability of the P-100 and the membrane fractions,
prepared from spheroplasts ly^gd with a Frencha Pressure Cell,
to incorporate
C-phenylalanine

Reaction
mixture

Type of
particulate
utilized

Protein
concentration
mg/ml

- Poly-U

P-100

1.20

Particulate

Ribose
concentration
jjg/ml

1300

pmoles
phenylalanine
incorporated

Specif icj
activity

16

-

15

-

-

-

C omplete

P-100

0.48

520

245

1.77

C omplete

P-100

1.20

1300

566

1.69

C omplete

P-100

2.40

2600

675

1.01

-

- Poly-U

Membrane

1.10

170

15

-

C omplete

Membrane

0.44

68

22

0.41

C omplete

lYlembrane

1.10

170

27

0,28

C omplete

Membrane

2.20

340

38

0.27

a(Ylembranes were isolated as in iYlaterials and Methods, except spheroplasts were
lysed in the presence of MgSO^, KC1, and 2-mercaptoethanol by passage through a
French Pressure Cell at 2,000 - 5,000 psi.
The normal incorporation assay was
carried out with the membrane fraction being substituted for the P-100 fraction as
indicated.
The amount of S-100 used in the reaction mixture was 4.4 mg/ml protein
The concentrations of the P-100 and the membrane fractions were varied as shown above.
^Specific activity:
pmoles of phenylalanine incorporated/10 minutes/jug ribose
from the particulate fraction.
Endogenous incorporation without poly-U was subtracted
from all incorporation figures before determining the specific activity.
ui
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Sucrose Gradient Analysis of the
Incorporation Mixture

The P-100 fraction probably contained some contaminating
membrane

fragments because of the high g-force used in its

preparation as well as the method of breakage.
the case,

If this was

synthesis could conceivably be taking place on m e m

brane-bound ribosomes,

A more exact analysis of the i nc or 

poration components was carried out using sucrose gradient
techniques

to separate membranous material

from free ribosomal

material.

The nascent poly phenylalanine was used as a marker

for the site of synthesis since it remained attached to c o m 
ponents of the incorporating system (see Molecular Weight
D e t e r mi na ti on ).
An incorporation mixture utilizing P-100 as the particu
late fraction was first analyzed in a very simple two step
discontinuous sucrose gradient system.

A 1.0 ml incorporation

mixture was constituted and incubated for ten minutes.
reaction was then stopped with 100 >ug/ml of RNAase.

The

The

resulting solution was layered on a gradient consisting of

2.0 ml of 40% and 2.0 ml of 70^ sucrose and centrifuged at
150.000 x g in an SW 50L rotor.

The length of centrifugation

was varied from seven to sixteen hours in different experiments
to obtain the best separation of membranes and ribosomes
possible.

Under long centrifugation periods at this speed,

membranous material usually moves to the 40 - 70^ interface
within two hours.

Ribosomes,

slowly through the sucrose,

on the other hand, move more

but will eventually move into
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the 70$ layer and pellet (5).

After centrifugation,

0.25 ml

samples were collected from the gradient by puncturing the
bottom of the tube uiith a needle and collecting drops.
fractions were then analyzed

The

for ^ C - p o l y p h e n y l a l a n i n e by

hot TCA precipitation.
In all experiments of this type, hot acid precipitable
counts were found throughout the gradient.
tion,

determined by its turbid appearance,

some radioactivity.

Most of the counts,

The membrane frac
usually contained

however,

uuere found

within the 70$ layer or the pellet and were probably due to
free ribosomes.

No definite

the 40 - 70$ sucrose
layer was observed;

separation of counts present in

interface and within the 70$ sucrose
the counts formed a contiguous

peak.

Density rate centrifugation was then employed to provide
better resolution in the separation of the particulate com
ponents under investigation.

After several initial trials,

good separation of the major components of the synthesizing
system was obtained with the following discontinuous sucrose
gradient:

0.25 ml of 55$, 1.0 ml of 55$, l o0 ml of 45$,

1.0 ml of 20$, 1.0 ml of 5$,
the incorporation mixture.
130.000 x g for one hour.

0.5 ml of 2$, and 0.25 ml of
The gradient was centrifuged at

Fractions were collected from the

gradient dropwise as previously and were analyzed for hot
TCA precipitable counts and absorbancy at 260 nm.

As seen

in Figure 10, satisfactory resolution of the membranes,
ribosomes, and the soluble proteins of the incorporating
system was obtained.
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Figure 10.

Profile of a poly-U directed phenylalanine

incorporation mixture in a discontinuous gradient consisting
of 66%, 55%, 45%, 20%,
mixture,

5%, and 2% sucrose.

A 0 o25 ml reaction

containing 1.2 mg/ml and 4.4 mg/ml protein

P-100 and the S-100 fractions respectively,
described in Materials and Methods.
incubation,

from the

was prepared as

Following a ten minute

the reaction was stopped with 100 jjg/ml of R N A a s e .

The sample was directly applied to the gradient which was c e n 
trifuged at 130,000 x g for one hour.

Quarter milliliter

fractions were collected from the bottom of the tube and the
absorbancy at 260 nm and the hot TCA
each fraction determined.
table counts per minute;

Symbols:

precipitable counts in
• ----- , hot acid precipi

--x~-x-~, absorbancy at 260 nm.
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Absorbancy

at

■P

5b
The profile shown in Figure ID was obtained with an
incorporation mixture
fraction.

utilizing P-100 as the particulate

In this system,

poly-U directed polyphenylalanine

synthesis was associated with both the ribosomal and the
membrane

peaks,

thus demonstrating some contribution of

membranes to protein synthesis,,

However,

resented less than 5% of the total.
radiospecific activity
was made.

these counts r e p 

A determination of the

for the major fraction of each peak

This revealed that the free ribosomes

(radio-

specific activity of 1.7) were five times more active than
the bound ribosomes

(radiospecific activity of 0.33).

Two tests were performed to verify the composition of
the major peaks.

First,

isolated membranes were centrifuged

by themselves through the same gradient.

This material

banded at the same density

of sucrose as the smaller,

peak.

of nucleic acid in each peak was

Second,

the percent

determined by the method of iAlarburg and Christian
light peak contained primarily nucleic acid;
peak contained only 5% nucleic acid.
trol,

while

heavy

(103).

The

the heavy

As an additional c o n 

an endogenous incorporation mixture (without poly-U)

was analyzed in the same gradient system.

An absorbancy

profile identical to the complete mixture was obtained,

but

no significant counts were associated with the peaks.
An incorporation mixture,

utilizing membranes

prepared

by the French Pressure Cell method as the particulate fraction,
was then analyzed in the same density rate system.

Figure

11

shows the absorbancy at 260 nm and the hot acid precipitable
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Figure 11.

Profile of a poly-U directed phenylalanine

incorporation mixture,

utilizing membranes prepared by the

French Pressure Cell method as the particulate fraction,
a discontinuous

in

gradient consisting of 66^6, 55^, 45/6, 20%,

0%, and 2%0 sucrose.

A 0.25 ml reaction mixture was prepared

as described in Materials and Methods,

except the membrane

fraction was substituted for the P-100 fraction.

The c on 

centration of S-100 and the membrane fraction used in the
reaction mixture was 4.2 mg/ml and 1.1 mg/ml protein respec
tively.

Other conditions were as described in Figure

Symbols:

--- .----- , hot acid precipitable counts per minute;

— x — — x — — , absorbancy at 260 nm.

R eproduced w ith perm ission o f the copyright owner. Further reproduction prohibited w itho ut perm ission.

10.

58

Percent Concentration of Sucrose
56

sample

20

45

55

Soluble
F raction

nm

Membrane
Peak

260

80

at
Absorbancy

Counts

per

Minute

100

60

Ribosomal
Peak

40

.• —

*

20
•— •

4

8

12

16

20

Fraction Number

R eproduced w ith perm ission o f the copyright owner. Further reproduction prohibited w itho ut perm ission.

59

radioactivity

present in the fractions collected.

Although

there appeared to be little free ribosomal material,

the

synthesized poly phenylalanine was about equally distributed
between the membrane-bound and the free ribosomes.

While

not shown in the figure,

an endogenous mixture yielded the

same absorbancy

but negligible incorporation.

profile,

An accurate determination of ribose could not be made
in this experiment since the concentrations were too low.
Therefore,

the specific activity of each fraction could not

be determined.
membrane

An earlier analysis had established that the

fraction had only one-fourth to one-fifth of the

radiospecific activity of the P-100 fraction

(Table 4).

Since one-half of the radioactive counts in Figure 11 were
associated with free ribosomes,

the membrane-bound ribosomes

probably had an even lower specific activity than previously
cal c ul at ed .
The above studies indicated that membranous material
with low protein synthesizing ability contaminated the P-100
fraction.

Nevertheless,

membrane involvement

synthesis was not completely eliminated.

in protein

Conceivably,

the

ribosomes with the attached polyphenylalanine were released
from the membranes during synthesis or as a result of the
RNAase treatment.

To determine if membranous material was

significantly adding to the stability

or activity of the P-100

fraction, an attempt was made to isolate ribosomes which were
free of any contaminating membranes.

This was accomplished

by sedimenting the unwashed P-100 fraction through a 5 - 30^
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sucrose gradient and then re-isolating the ribosomes by
centrifugation at 200,000 x g (see Materials and Methods).
The ribosomes

isolated in this manner had approximately

the same ribose concentration as a normal P-100 fraction.
A sample of these purified ribosomes,
membrane

the P-100,

and the

fraction were analyzed by density rate centrifuga

tion as previously,

As seen in Figure 12, a membranous peak

was still present in the purified ribosomal
reduced by nearly 50^6.
material,
incorporate

fraction,

although

Despite the reduction in membranous

the P-100 and the purified ribosomes seemed to
^C-phenylalanine

at an equal rate.

Table 5

compares the incorporative ability of the two ribosomal
fractions .
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Figure 12.
fied ribosomes,

Absorbancy profiles of the P-100,

and the membrane fractions in discontinuous

gradients consisting

of 66%, 55%, 4 5%, 20%,

The P-100 (7 mg/ml protein),
protein),

the puri

and the membrane

5%, and 2% sucrose.

the purified ribosomes

fraction (5 mg/ml

(7 mg/ml

protein)

were

diluted 1:10 and 0.25 ml aliquots of each applied to separate
gradients.

After centrifugation at 130,000 x g for one hour,

0.25 ml fractions were collected from the bottom of the tubes
and the absorbancy at 260 nm for each fraction determined,
Symbols:
o

•--, purified ribosomes;
, membrane

--x--x--,

P-100;

fraction.

R eproduced w ith perm ission o f the copyright owner. Further reproduction prohibited w itho ut perm ission.

Percent Concentration of Sucrose
66

55

4b

Ribosomal
Peak

2 .a -

2.4 -

Absorbancy

at

260

nm

sample

20

2.0

-

1 .6 -

1.2

-

0.8

-

Membrane
Peak
0.4 •

a__

Fraction Number

R eproduced w ith perm ission o f the copyright owner. Further reproduction prohibited w itho ut perm ission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 5.
A comparison of the incorporative ability
of the P-100 and the purified ribosomes

pmoles
phenylalanine
incorporated

Reaction
mixture

Type of
particulate
utilized

Ribose
concentration
jug/ml

- Poly-U

P-100

500

15

-

- Poly-U

Purified
ribosomes

420

17

-

C omplete

P-100

500

140

1.1

C omplete

Purified
ribosomes

420

117

1.1

Specific^
activity

a The incorporation assay mas carried out as described in Materials and
Methods, except the purified ribosomes were substituted for the P-100 fraction
as indicated.
The concentrations of P-100, purified ribosomes, and S-100
fractions in the reaction mixture were 0.7 mg/ml, 0,7 mg/ml, and 3.6 mg/ml
protein respectively.
^Specific activity:
pmoles of phenylalanine
jug ribose from the particulate fraction.

incorporated/10 minutes/

cn
03

!

\I

DISCUSSION

The in vitro protein synthesizing system derived from
A. aceti had the properties expected for a cell-free system.
The incorporation of ^ C - p h e n y l a l a n i n e
a particulate fraction,

required a messenger,

and a soluble fraction.

Incorpora

tion was substantially reduced by the antibiotics chlor am 
phenicol,

streptomycin,

known translational

puromycin,

inhibitors.

and polymyxin B which are

These results,

plus the fact

that radioactivity was measured as hot acid precipitable
counts,
rather

were

indicative that protein synthesis was occurring

than amino acid activation or non-specific absorption

of radioactive phenylalanine.
The molecular weights determined

for the incorporated

protein generally fell within the size limits

found by others.

Chains containing from 5 - 170 residues have been reported
for poly-U directed polyphenylalanine synthesis

( 8 , 27, 29).

The smaller of the polypeptides produced with the A_. aceti
system,

with molecular weights of 2,600 and 4,700,

within this range, consisting

of approximately 16 and 30

amino acid residues respectively.
weight polypeptide,
residues.

were well

The largest molecular

52,000, consisted of 325 amino acid

Although this was larger than other reported

molecular weights,

it was much lower than theoretically

possible with the size of poly-U utilized.

The average

molecular weight of the poly-U was 500,000 - 560,000 making
64
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it capable or coding for a polypeptide of 510 - 570 residues
of phenylalanine

(63).

Thus,

a protein of 80,000 - 90,000

molecular weight could conceivably
entire message was utilized.

be synthesized if the

An average active ribosome

attaching randomly to poly-U could synthesize a polyphenyl
alanine chain 0.5 - 0.8 the length of poly-U (70).

The

molecular weight of 52,000 represented a protein using
0.55

- 0.55 of the length and was,

therefore,

within a

reasonable size limit.
Several

other aspects

of the protein synthesizing

system were established from the molecular weight determi
nation.

First,

the synthesized protein was not spontaneously

released from the components of the incorporating system
even after the reaction was stopped with RNAase.

This

would correlate with the fact that a termination codon
(UAA,

UAG , UGA)

is needed to release the protein

from the

mRNA-ribosome complex even in a cell-free system ( 6 , 82, 108,
109).
(UUU).

No such codon was available with the poly-U message
Second,

the molecular weight of the polyphenylalanine

appeared directly related to the protein synthetic activity
the enzyme-ribosome preparations.
some preparations was not,

The increased activity

therefore,

of

of

due just to more ri bo

somes cycling through the system reading short portions of
the m R N A .

Rather,

the enzyme-ribosome preparations with higher

radiospecific activities were more efficient and had greater
stability

in the synthesizing system,

thus producing longer

chains of po lyp he ny la l an in e, not more copies of shorter chains.
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The membrane studies revealed that both free and
membrane-associated ribosomes could be isolated from
A,. aceti and that both synthesized poly phenylalanine
the presence

of poly-U.

Nevertheless,

in

the bound ribosomes

were always present in lower concentrations and were

four

to five times less active in synthesizing protein than were
the free ribosomes.

This was true of both the bound ribosomes

obtained from lysed spheroplasts and those contaminating

the

P-100 fraction.
Interestingly,

an active membrane

preparation was

obtained only when the spheroplasts were lysed in the presence
of MgSO^,

KOI,

and 2 - me rc ap to et ha no l.

The concentration of

ribose in this preparation was higher than in the inactive
membrane preparations
protein),

(163 jug/mg protein compared to 80 jjg/mg

but was still lower than in the P-100 fraction

(518 jug/mg protein).

Lowering

the magnesium ion co n ce nt ra 

tion in a solution containing membrane-bound ribosomes has
been shown to release the ribosomes

from the membrane

(83)

and may have been the case in experiments utilizing osmotic
lysis of spheroplasts.
The findings

in this paper are not in agreement with

much current data showing that membrane-associated ribosomes
are more active than free ribosomes and occur naturally
the cell

(38, 41,

69,

83, 89,

have been reported (4, 38, 81,

102).
90).

in

Other exceptions also
A number of ideas have

evolved to explain why two types of ribosomes are found and
why both appear active.

Some studies have shown that the
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quantity

of free versus bound ribosomes,

as well as their

respective protein synthesizing activities,
upon cell disruption techniques
tion,

such as osmotic

(97).

is dependent

Ulith a mild disrup

shock, membrane-bound ribosomes are

found in greater concentrations and are more active than free
ribosomes.
cells,

However,

with a more harsh

disruption of the

as with the French Pressure Cell,

favored over bound and are more active

free ribosomes are

(97).

Nevertheless,

in our studies free ribosomes were always more active and
present

in higher concentrations than were bound ribosomes

despite

the disruption technique.

Another theory

states that only ribosomes actively

engaged in protein synthesis,

that is associated with a

m R N A , are firmly bound by membranes

(38, 89).

is the most active and efficient in the cell.

This complex
After synthe

sis of a protein is complete,

the ribosomes are readily

released from the membranes.

"Resting"

somes are,

therefore,

or inactive ri bo 

found in the cytoplasm or easily

detach from the membrane in successive washings.
stimulated with mRNA,

such as poly-U,

are capable of synthesis,
( 38,

89).

systems,

When

the free ribosomes

but not to the degree of the bound

l>lore recent studies by Robash,
substantiate this (80).

using mammalian

Attachment of the first

ribosomes or ribosomal subunits to the mRNA was shown to
occur free in the cytoplasm.

Subsequently,

a portion of

these ribosome-mRNA complexes attached to the membrane.
During this step,

additional ribosomes attached to the mRNA
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farming membrane-bound polyribosomes.

Formation of the

initial mRNA-ribosome complex was not affected by inhibitors
of protein synthesis,

such as cycloheximide, but attachment

to the membrane and polyribosome formation was affected (80).
In the in v/itro system used throughout this paper, most
endogenous mRNA was depleted during the isolation procedure.
Thus, the ribosomes,
from the membrane.

devoid of a messenger,

may have detached

When membranes were added to an incor

poration mixture containing P-100 and poly-U,
increase

in activity.

there was no

This would indicate that there was no

reattachment to the membrane even with an active synthesizing
unit present;

or that if reattachment occurred,

stimulation of protein

there was no

synthesis.

In vivo systems have been demonstrated to have a higher
incorporating activity

than in vitro systems.

A natural

association of membranes and ribosomes in vivo is offered
as an explanation

for this.

During isolation,

this associa

tion is disrupted and any activity of the free ribosomes
is only due to a fragment of a membrane still present

(36).

Through sucrose gradient analysis of our system, membranous
material was indeed found in the P-100 fraction.
most of the radioactivity

However,

in the fraction was associated

with the free ribosomes which had four to five times more
activity
material.

than the ribosomes associated with the membranous
Also,

purification of the P-100 fraction by

removal of 50^ of the contaminating membranes did not alter
the specific activity

of the preparation.

R eproduced w ith perm ission o f the copyright owner. F urther reproduction prohibited w itho ut perm ission.

69

Synthesis on the membrane fragments does remain a
possibility,

nevertheless.

Conceivably,

treatment of the

incorporation mixture with RNAase before application to the
sucrose gradient released the mRNA-ribosome complex from
the membrane.

The RNAase may have sufficiently degraded

the ribosomal RNA to cause release

from the membrane,

but

not enough to break apart the nascent protein-ribosome-mRNA
complex.

Stopping the reaction in the cold followed by

immediate centrifugation may have given different results.
Although,

Blobel and Potter

liver ribosomes,

found,

in a study using rat

that sedimentation patterns of bound r ib o

somes in sucrose gradients were unaltered after treatment
with up to 500 ug/ml of RNAase

(5).

In most reports some activity was found with free
ribosomes whether they were the most active form or not.
Therefore,

both types of ribosomes could exist in an active

form in the cell,

but have separate functions.

For example,

bound ribosomes might synthesize protein primarily

for

extracellular use or protein components of the cell wall;
while free ribosomes might synthesize protein for intra
cellular use (9, 96).

The concentration of bound ribosomes

would then be proportional to the amount of extracellular
protein produced by a particular species and would vary
considerably

(80).

The use of poly-U as the messenger

our system may have affected this percentage.
which carries the code for a particular

in

The messenger,

protein,

could be

the factor which determines whether a ribosome will bind to
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the membrane

or remain in the cytoplasm.

poly-U codes

For a "cytoplasmic"

Perhaps the

type protein.

The evidence obtained with the in vitro protein
synthesizing system utilized in this report indicates
that free ribosomes are more active than bound ribosomes
and occur in greater concentrations.

Because so little

membrane-associated synthesis was detected,

studies com 

paring synthesis by membrane mutants and the wild type
strain do not seem warranted at this time.

Yet, the

results could be an artifact of the techniques employed
and thus not a true reflection of the in vivo situation.
Additional experimentation with the preparation of membrane
fractions might prove beneficial.

Possibly a more active

membrane preparation could be obtained by varying the param
eters of isolation,

such as the age of the cells,

of spheroplast lysis,

etc.

the method

Further analysis of the P-100

fraction could also be carried out to determine absolutely
that the membranous contamination is not significantly
volved in incorporation.

This might be accomplished by

labelling the membrane with

-choline to detect tiny

fragments.
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